Abstract. Global change has been shown to alter the amount of above-ground litter inputs to soil greatly, which could cause substantial cascading effects on below-ground biogeochemical cycling. Despite extensive study, there is uncertainty about how changes in above-ground litter inputs affect soil carbon and nutrient turnover and transformation. Here, we conducted a meta-analysis on 70 litter-manipulation experiments in order to assess how changes in above-ground litter inputs alter soil physicochemical properties, carbon dynamics and nutrient cycles. Our results demonstrated that litter removal decreased soil respiration by 34 %, microbial biomass carbon in the mineral soil by 39 % and total carbon in the mineral soil by 10 %, whereas litter addition increased them by 31, 26 and 10 %, respectively. This suggests that greater litter inputs increase the soil carbon sink despite higher rates of carbon release and transformation. Total nitrogen and extractable inorganic nitrogen in the mineral soil decreased by 17 and 30 %, respectively, under litter removal, but were not altered by litter addition. Overall, litter manipulation had a significant impact upon soil temperature and moisture, but not soil pH; litter inputs were more crucial in buffering soil temperature and moisture fluctuations in grassland than in forest. Compared to other ecosystems, tropical and subtropical forests were more sensitive to variation in litter inputs, as altered litter inputs affected the turnover and accumulation of soil carbon and nutrients more substantially over a shorter time period. Our study demonstrates that although the magnitude of responses differed greatly among ecosystems, the direction of the responses was very similar across different ecosystems. Interactions between plant productivity and below-ground biogeochemical cycling need to be taken into account to predict ecosystem responses to environmental change.
Introduction
Above-ground litterfall is one of the most important components of carbon and nutrient cycling, and the litter layer regulates soil microclimate by forming a buffering interface between the soil surface and the atmosphere (Sayer, 2006) . Terrestrial ecosystems are undergoing simultaneous changes in climate and biogeochemical cycles, and those changes could affect plant net primary production (NPP) positively or negatively. Changes such as elevated CO 2 , nitrogen deposition (Xia and Wan, 2008) and temperature increases (Raich et al., 2006) were found to enhance plant productivity, whereas elevated O 3 (Liu et al., 2005) , drought (Zhao and Running, 2010) and acid deposition (Irving and Miller, 1981) generally decreased productivity. These changes in primary production could alter both the quality and quantity of above-ground litter inputs to soil (Liu
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increase in above-ground litterfall after hurricanes or severe storms (Ostertag et al., 2003) , or rapid loss of the litter layer after wildfires (Wardle et al., 2003) .
As one of the most important pathways for carbon and nutrient fluxes to the soil, changes in above-ground litter inputs could lead to cascading effects on below-ground biogeochemical processes. Although changes in above-ground litter inputs have been observed in numerous global change manipulation experiments in multiple ecosystems, most of those studies found that total soil carbon (C) content was generally unchanged (Baer and Blair, 2008; Talhelm et al., 2009 , but see Fornara and Tilman, 2012) . Several mechanisms have been proposed to explain why soil C showed small changes even when above-ground litter inputs were greatly altered. One possible explanation is that soil C may be altered by litter inputs, but the changes are too small to be detected in the large and heterogeneous soil C pool (Hungate et al., 1996) . A change in the strength of priming effects is another possible reason: high litter inputs could cause greater priming effects, and the increase in new soil C derived from the litter may be offset by the decomposition of older soil C (Sayer et al., 2011) . Soil carbon saturation is also a plausible theory to explain the lack of changes in soil C content in response to varying amounts of litter inputs. The theory states that the capacity of soil to stabilize organic C has an upper limit, which is determined by soil physical, chemical and biochemical characteristics (Six et al., 2002a ).
An emerging view suggests that the majority of organic C in soil is derived from rhizodeposition, and above-ground litter inputs have a limited influence on soil C storage (Schmidt et al., 2011) . The lack of changes in total soil C has sparked a debate about whether alterations in above-ground litter production as a result of global change will impact upon longterm soil C storage. Quantification of the contribution of above-ground litter to soil C sequestration and nutrient cycling is therefore needed to assess the importance of aboveground litter in below-ground processes.
A large number of litter-manipulation studies, in which litter is experimentally added or removed, have been conducted since the first experiments in the 1850s (Sayer, 2006) . The information we draw from this rich research history of litter-manipulation experiments could help us better understand how above-ground litter inputs affect below-ground processes, and therefore the mechanisms regulating the potential of soil to sequester additional C. Below-ground processes, such as soil respiration, microbial activity, and soil C formation are simultaneously influenced by litter inputs, and these processes intrinsically interact with each other (Chapin et al., 2011) . To assess the consequences of above-ground litter inputs on soil physical, chemical and biochemical processes quantitatively, we conducted a meta-analysis of littermanipulation experiments from multiple terrestrial ecosystems. Changes in litter productivity may be accompanied by changes in litter biochemistry, and the two interact with each other in biogeochemical processes (Liu et al., 2009 ). However, because of the limited data availability on changes in litter biochemistry, this study focused on the impact of changes in litter productivity on below-ground C and nutrient cycling.
Methods

Data selection
A comprehensive literature search, covering relevant peerreviewed articles and dissertations from 1950 to 2013, was conducted using the databases of Web of Science and ProQuest. We also cross-checked the references of the relevant articles to identify other potential book chapters and peerreviewed reports. Only data from in situ litter-manipulation experiments were included in our data set. Studies were excluded if they were conducted in a controlled laboratory setting (e.g. Liu et al., 2009) , or the additional carbon was supplied as specific organic compounds such as glucose (e.g. Park and Matzner, 2006) or cellulose (e.g. Fontaine et al., 2004) . When data from the same site and treatments were presented in multiple publications, we used the data from the most recent publications. Similarly, when data from multiple years were given, we only used data from the most recent year. Litter-manipulation experimental sites were from multiple climatic zones, including arctic, boreal, temperate and (sub-)tropical regions (See details in Appendix B in the Supplement). Here, "(sub-)tropical" includes both tropical and sub-tropical regions.
Four categories of data related to below-ground biotic and abiotic properties were extracted from the literature of in situ litter-manipulation experiments: (1) soil surface physical and chemical properties, including soil temperature, soil moisture and soil pH; (2) microbial responses, including microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN); (3) C fluxes and pools, including soil respiration, total carbon (C) and dissolved organic carbon (DOC); and (4) nutrient fluxes and pools, including total nitrogen (N), C : N ratios (C : N), dissolved organic nitrogen (DON), extractable inorganic nitrogen (EIN), and extractable phosphorus (P). Where relevant, we distinguished between litter layer and mineral soil for all variables, but results were only reported where sufficient data points were available (i.e. n ≥ 4). In our data set, litter layer data were all from studies conducted in boreal forest or temperate forest and included forest floor (Fisk and Fahey, 2001) , O horizon (Nadelhoffer et al., 2004 ), O layer (Fröberg et al., 2005 , epihumus subhorizon (Dzwonko and Gawronski, 2002) , and humus horizon (Dzwonko and Gawronski, 2002) . Mineral soil in our data set is defined as the soil beneath the litter layer, or the topsoil from ecosystems such as grassland and (sub-)tropical forest. The sampling depth in the mineral soil ranged from 1 to 40 cm, with the majority of the data collected in the top 10 cm. When measurements were conducted in different mineral soil depths, we only used the data reported for the uppermost depth (e.g. Tian et al., 2010) . When data were graphically presented, we extracted the numerical values by digitizing the figures using Engauge Digitizer (Free Software Foundation, Inc., Boston, MA, USA).
Meta-analysis
The data were analysed using the meta-analysis described by Hedges et al. (1999) . The effect size of littermanipulation treatment for each individual observation was estimated by the natural log of the response ratio (RR): ln RR = ln X t /X c , where X c is the control mean, and X t is the treatment mean. The average response ratio (RR) was calculated using the mixed model of the meta-analytical software METAWIN (Sinauer Associates, Inc., Sunderland, MA, USA). The variance of the mean effect size was calculated using resampling techniques (Adams et al., 1997) . If the lower bound of the 95 % CI of RR was larger than 1, then the response was significantly positive at P < 0.05. If the upper bound of the 95 % CI of RR was smaller than 1, then the response was significantly negative at P < 0.05. For each investigated parameter, a subgroup analysis was conducted to assess whether the magnitudes of effects differed across ecosystem types, soil depths or treatment duration. Although there is no accepted minimum number of studies that are required for a meta-analysis, we adopted the criteria for systematic review by Fu et al. (2011) in which each subgroup should have a minimum of four studies. We therefore present results for separate ecosystems only where sufficient observations were available in more than one subgroup. Total heterogeneity (Q T ) was partitioned into within-group (Q W ) and between-group (Q B ) heterogeneities. According to Hedges et al. (1999) , a significant Q B indicates that the response ratios differ among groups. Means of the groups were considered significantly different if their 95 % CI did not overlap.
Regression analysis
Most studies included in our data set reported the amounts of litter added or removed. Data from both litter removal and litter addition experiments were grouped for each parameter, with negative values representing litter removal and positive values representing litter addition. The correlation between the response ratio (RR) of a biogeochemical parameter and the amounts of litter was determined by linear regression. All regression analyses were conducted using SAS software (SAS Institute Inc., Cary, NC, USA).
Results
In total, 440 observations were extracted from 70 publications, including ecosystems such as boreal forest (3 publications), temperate forest (20 publications), (sub-)tropical forest (20 publications), grassland (22 publications) and shrubland (5 publications; Appendix B). Across all studies, the mean annual air temperature ranged from −4.2 to 27 • C, mean annual precipitation from 315 to 5000 mm, and the experiments ranged in duration from half a year to 20 yr. Site characteristics for each study are given in Appendix B in the Supplement.
Physical and chemical properties of the litter layer and mineral soil
Across all ecosystems, litter removal increased the temperature of the mineral soil by 4 %, and litter addition decreased it by 3 % ( Table 1 ). The response of soil temperature to litter manipulation differed among ecosystems: in grasslands, soil temperature increased with litter removal and decreased with litter addition, whereas in (sub-)tropical forest litter removal reduced soil temperature but litter addition had no effect (Table 1) . Across all studies, litter removal decreased soil moisture in the mineral soil by 10 % (Table 1) , whereas litter addition had no significant effect (Table 1) . However, when the data were analysed for each ecosystem type separately, litter addition increased moisture in the mineral soil in grassland by an average of 13 % but had no significant effect in forests or shrubland (Table 1) .
Overall, litter manipulation did not affect pH in the litter layer or the mineral soil (Table 1) .
Microbial responses
Overall, litter removal reduced MBC in the mineral soil by 39 %. However, this decrease was only significant in (sub-)tropical forest (Table 2 ). Litter addition increased MBC in the mineral soil by an average of 26 %, with grassland showing a greater increase than shrubland (Table 2) .
Litter removal decreased MBN in the mineral soil by an average of 14 %, and litter addition significantly increased MBN in the mineral soil by an average of 46 % across all ecosystem types (Table 2) .
C cycling
Soil respiration rates decreased with litter removal by an average of 34 % across all studies and increased by an average of 31 % with litter addition (Table 2 ). The response ratio of soil respiration rates was positively correlated with the amounts of litter added or removed (Fig. 1a, R 2 = 0.65, P < 0.01) and with the response ratio of MBC (see Fig. A3 in the Supplement, R 2 = 0.66, P < 0.01). Litter removal reduced DOC concentrations in the litter layer by 22 % and in the mineral soil by 31 % (Table 2 ). Litter addition increased DOC concentrations in the litter layer by an average of 47 %, but had no significant effect on DOC concentrations in the mineral soil (Table 2) .
Overall, litter removal decreased total C in the mineral soil by 10 %, and, correspondingly, litter addition increased it by 10 % (Table 2) . When the data were analysed by ecosystem type, there was a significant decrease in total C of the mineral soil in response to litter removal in (sub-)tropical forest, but no effect in temperate forest and grassland. There was no clear effect of litter addition on total C in the mineral soil either in temperate forest or grassland and insufficient data for (sub-)tropical forests ( Table 2 ). The effect of litter manipulation on total C in the mineral soil was strongly influenced by soil depth. When data were divided into different sampling depths, total C content in the top 5 cm of the mineral soil was 31 % higher under litter addition, but there was no Table A1 in the Supplement).
Nutrient cycling
The C : N ratio of the litter layer did not change with litter removal, but increased significantly with litter addition (Table 3). Overall, the C : N ratio of the mineral soil decreased by 6 % following litter removal, whereas litter addition had no significant effect (Table 3) . Across all ecosystems, litter removal reduced total N in the mineral soil by 17 %. Litter addition had no significant impact on total N in the mineral soil (Table 3) , and neither litter removal nor litter addition affected DON in the mineral soil (Table 3) . Litter removal increased EIN in the litter layer by 50 % and decreased EIN in the mineral soil by 30 % (Table 3) , whereas litter addition had no significant effect (Table 3) .
Overall, neither litter removal nor litter addition affected extractable P in the mineral soil (Table 3) .
The effects of litter-manipulation levels on below-ground processes
Regression analysis showed that the RR of soil respiration, MBC in the mineral soil, total C in the litter layer and mineral soil, total N in the mineral soil, DOC in the litter layer and C : N ratios in the mineral soil all showed a positive linear relationship with litter inputs (Fig. 1 , Table A3 and Fig. A2 in the Supplement).
Discussion
Global change has been shown to alter plant productivity significantly, which leads to increased or decreased aboveground litter inputs to soil with presumed knock-on effects for soil C stocks and nutrient supply. Despite this, relatively few litter-manipulation experiments have specifically examined how variation in litter inputs affects below-ground processes in the context of global environmental change (e.g. Liu et al., 2009; Sayer et al., 2011) . Our systematic synthesis of litter-manipulation experiments aimed to improve our understanding of the responses of below-ground processes to varying inputs of above-ground litter under global change. The magnitude of responses to litter manipulation varied among ecosystems, and this was likely partly influenced by the number of data points available. Nevertheless, with few exceptions, the direction of the responses was the same regardless of ecosystem type (Fig. 1) .
Physical and chemical properties of the litter layer and mineral soil
The litter layer acts as a protective interface between atmosphere and soil by regulating soil physicochemical conditions such as soil temperature, moisture and pH (Sayer, 2006). Our analysis demonstrates that the temperature of the mineral soil increased under litter removal and decreased under litter addition, whereas the water content of the mineral soil decreased under litter removal but did not respond to litter addition. Litter inputs were more important in buffering mineral soil temperature and moisture fluctuations in grassland than in forest (Table 1) . Forest canopies can intercept solar heat and precipitation by the large surface area of branches and foliage (Lowman and Schowalter, 2012) , whereas the vegetation in grassland has a much shorter and simpler structure, and has limited capacity to intercept solar radiation and precipitation compared to the forest canopy. Grasslands therefore rely more on surface litter to maintain a favourable soil environment (Amatangelo et al., 2008) . Litter inputs may change soil pH via changing the release of organic acids or the supply of exchangeable base cations during the processes of litter decomposition, but we found that litter manipulation had a small impact on soil pH. Previous work has shown that the direction of changes in soil pH with litter manipulation may depend on litter type and initial soil pH (Sayer, 2006) , but at present there are insufficient data to analyse this quantitatively.
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Microbial responses
It is generally accepted that microbes are C-limited, and fresh litter can increase soil microbial biomass and activity (Fisk and Fahey, 2001) . We found that litter addition significantly increased MBC in the mineral soil, whereas litter removal caused a general decrease in MBC (Fig. 1, Table 2 ). It is likely that this result was largely shaped by the response of (sub-)tropical forests where microbes may be more reliant on carbon supply from fresh litter than in other ecosystems. The mean residence time (MRT) of surface litter in tropical forest is 0.25 to 1 yr, compared to 4-16 yr MRT in temperate forest (Olson, 1963) , and there is little or no build-up of an organic forest floor in lowland tropical forests (Wieder and Wright, 1995) . Litter removal could therefore induce a greater decline in microbial activities in (sub-)tropical forest because microbes have only limited access to organic C from other sources. The observed reduction in soil-extractable P under litter removal (Table 3 ) may also contribute to the decrease in MBC, as microbial utilization of soil organic carbon is thought to be P-limited in tropical forests (Cleveland et al., 2002) . Thus, litter removal decreased the above-ground C supply for microbial growth, and simultaneously decreased soil-extractable P in (sub-)tropical forests (Table 3) , which may also limit microbial decomposition of old soil organic carbon. Microbial biomass is the living microbial component of the soil, and can be used as a bio-indicator for evaluating soil organic matter turnover rates (Wardle, 1992) . We found that the RRs of MBC and soil respiration were positively correlated, and MBC explained 66 % of the variance in changes in soil respiration (Fig. A3 in the Supplement). Litter manipulation also has the potential to affect root respiration by altering root biomass; however, showed that the contribution of root respiration to total below-ground respiration decreased with litter addition, and the strong correlation between the Rrs of MBC and soil respiration in our analysis suggests that the changes in soil respiration under litter manipulation are largely controlled by CO 2 efflux from heterotrophic respiration during litter decomposition.
C cycling
DOC
We were only able to assess the responses of DOC to litter manipulation for temperate forests, as there were insufficient available data for other ecosystems. Our results suggested that although DOC of the litter layer responded substantially to litter manipulation, DOC of the mineral soil was insensitive to litter manipulation. This may be because DOC was quickly mineralized by soil microbial communities (Kalbitz et al., 2003) or adsorbed by the soil mineral matrix associated with soil organic matter (Kaiser and Guggenberger, 2000) . Increasing fresh litter inputs could cause priming effects and lead to an increase in DOC flux from decomposing old soil C (Kalbitz et al., 2007) . However, our analysis cannot distinguish whether the increase of DOC in the litter layer was a result of fresh litter inputs or the decomposition of old organic C in forest floor due to the priming effect.
Total C
The processes and mechanisms underlying the influence of fresh litter inputs on soil C dynamics are complex, involving the balance between C input and output and the turnover among different C pools (Kuzyakov, 2011) . Additional inputs of fresh litter can cause priming effects, resulting in the mineralization of older soil organic matter (Sulzman et al., 2005; Sayer et al., 2007 Sayer et al., , 2011 , which leads to the speculation that soil C storage may decrease under elevated litter inputs (Kuzyakov, 2010) . Although there is ample evidence for the occurrence of priming effects under controlled conditions, the current lack of in situ studies of soil C release by priming precluded a quantitative analysis of the strength of priming effects in this study. However, our results showed that total C in the uppermost layers of the mineral soil generally increased with litter inputs (Fig. 1c) . Hence, greater
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inputs of new organic C may compensate for the release of older soil organic C by priming (Talhelm et al., 2009; Hofmockel et al., 2011; Kuzyakov, 2011; Leff et al., 2012) suggesting that the soil acts as a net C sink under increased litter inputs. It remains to be seen if this "replacement" of older soil C with fresh C from increased litter inputs will have consequences for soil carbon stability in the longer term.
The response of soil C storage to litter manipulation differed among ecosystems (Table 2) . (Sub-)tropical forest was more responsive to changes in litter production than other ecosystems, and total C in the mineral soil showed a greater reduction under litter removal. Field experiments in (sub-)tropical forests have also demonstrated that soil C pools responded rapidly to litter manipulation: soil C concentrations were significantly increased by 31 % after only 2 yr of litter addition in a tropical forest (Leff et al., 2012) , whereas there was often no detectable change in soil C in temperate forest or grassland even after 5 to 11 years of elevated litter inputs (Nadelhoffer et al., 2004; Baer and Blair, 2008; Talhelm et al., 2009 ). There are several likely explanations for the notable responses of soil C in (sub-)tropical forest to litter manipulation: firstly, the duration of littermanipulation experiments in temperate or boreal biomes (2-8 yr; Fisk and Fahey, 2001; Fröberg et al., 2005; Sulzman et al., 2005) was often shorter than the mean residence time of the litter (4-16 yr) in those ecosystems (Olson, 1963) , whereas in (sub-)tropical forest, most of the C from fresh litter is rapidly mineralized and respired or transferred to the mineral soil. Secondly, the mean residence time of soil aggregate C in tropical forest is shorter than that in temperate forest (Six et al., 2002b) , and new C inputs can be integrated into soil aggregates more rapidly, especially as tropical soils often have a high clay content and C from leachate can be bound easily into soil aggregates (Six et al., 2002a) . Soil C concentration was therefore more likely to respond to altered litter inputs during the experimental period in (sub-)tropical forest (Leff et al., 2012) .
In contrast to forest ecosystems, soil C in grasslands showed no significant responses to litter-manipulation treatments. Root-derived C is thought to be the main source of soil organic C in grasslands, and below-ground litter is thought to be more important for C sequestration (e.g. Steinbeiss et al. 2008) . Further, a growing number of studies have shown that solar radiation, especially ultraviolet radiation, can be the dominant driver of litter decomposition in arid and semiarid regions (Austin and Vivanco, 2006; Brandt et al., 2007) . For example, in a semi-arid steppe, Austin and Vivanco (2006) found that around 60 % of C lost from aboveground litter was due to photochemical mineralization, resulting in a large proportion of litter-derived C being lost directly to the atmosphere without entering the soil.
We expected changes in total C in the mineral soil to become more pronounced with experimental duration. However, there was no significant effect of experimental duration on the responses of soil C pools to litter manipulation (Table A2 in the Supplement). This is possibly due to the high variation in mean residence times of C and litter decomposition rates among biomes (as discussed above), which makes it difficult to detect an effect of experimental duration when comparing studies across ecosystems.
Nutrient cycling
Litter is an important pathway for the transfer of nutrients from plants to soil, and the litter layer is critical for nutrient retention in some ecosystems. Our results suggest that total N and C : N ratios, but not EIN, in the mineral soil increased with litter inputs. The lack of a clear overall response of EIN to litter manipulation was probably due to the contrasting responses of EIN in (sub-)tropical forest and temperate forest. EIN in the mineral soil declined significantly in (sub-)tropical forest under litter removal, but was unaffected in temperate forest (Table 3) . Litter inputs were shown to be a significant source of EIN inputs to the mineral soil in (sub-)tropical forest , where rapid decomposition (Zhang et al., 2008) and high rates of leaching from the soil result in rapid turnover of mineral N. Consequently, when litter was removed, EIN in the mineral soil declined significantly. In contrast, the lower concentrations of EIN in temperate forests following litter addition may be a result of slower litter decomposition (Zhang et al., 2008) and greater immobilization of N in the mineral soil.
Plant growth in tropical forest is generally thought to be P-limited, and litter is the dominant P source to soil (Cleveland et al. 2011) . It is therefore not surprising to find that litter removal reduced soil-extractable P in the mineral soil in (sub-)tropical forest (Table 3) . Despite this, soil-extractable P of the mineral layer did not increase under litter addition in (sub-)tropical forest. For example, found that, after a 5-year litter-manipulation study, litterderived P inputs significantly doubled under litter addition, but extractable P in the mineral soil did not change relative to the controls. This is probably due to direct uptake of litter-derived P by plant roots before it enters the mineral soil (Stark and Jordan, 1978; Herrera et al., 1978; Attiwill and Adams, 1993) , in which case soil-extractable P would not increase under litter addition .
Conclusions
Global change alters not only the amount of above-ground litter inputs to soil but also other factors regulating soil C cycling. It is very difficult to separate the contribution of above-ground litter inputs to soil C and nutrient cycling from other drivers because the processes interact in complex ways. Litter-manipulation experiments therefore provide valuable information to estimate the effects of litter production on soil organic C formation (Sayer et al., 2011) .
With few exceptions, the direction of the responses was similar among terrestrial ecosystems for the investigated parameters, even though the magnitude of the responses varied (Fig. 1) . Our meta-analysis of litter-manipulation experiments demonstrates that changes in total soil C and soil respiration are positively related to above-ground litter inputs, suggesting that the soil acts as a C sink even though C turnover is accelerated under greater litter inputs (Fig. 2) . Compared to temperate forests, (sub-)tropical forests were generally more sensitive to litter-manipulation treatments; increases or decreases in litter inputs could therefore substantially alter the turnover and accumulation of soil C and nutrients in (sub-)tropical forests over a shorter time period (Leff et al., 2012) . The critical role of tropical forests in regulating atmospheric CO 2 has been widely recognized. However, much attention has been focused on C stored in the vegetation rather than tropical forest soils. A number of studies have demonstrated that global change has stimulated aboveground net primary production (ANPP) in tropical forests over recent decades (Lewis et al., 2009; Pan et al., 2011) . Although soil C accumulation may be lower than expected because of C release by priming effects (Sayer et al., 2011) , we predict that tropical forest soils will act as a C sink alongside the increased ANPP under global change (Table 2) . However, the current lack of long-term monitoring of tropical soil C dynamics makes it difficult to determine the C sequestration capacity of tropical forest soils.
Litter manipulation not only directly alters C and nutrient cycling by providing substrates to soil microbes, it also indirectly changes C cycling by modifying soil physicochemical conditions (Sayer, 2006) , which is especially important in grasslands (Wang et al., 2011) . Although litter addition had little effect on soil C storage in grasslands, above-ground litter inputs appear to play a critical role in maintaining favourable soil conditions by buffering soil temperature and moisture.
Altered litter production caused by environmental change could lead to cascading effects on soil physicochemical properties, C dynamics and nutrient cycling (Fig. 2) . Overall, our study suggests that increases in litter inputs generally accelerated the rates of below-ground biogeochemical reactions and transformations, whereas decreased litter inputs reduced them. The ensuring feedbacks between altered above-ground productivity and changes in below-ground biogeochemical processes need to be considered for predicting ecosystem responses to global change.
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